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ABSTRACT
CO2 ice is an important reservoir of carbon and oxygen in star and planet forming regions. Together
with water and CO, CO2 sets the physical and chemical characteristics of interstellar icy grain mantles,
including desorption and diffusion energies for other ice constituents. A detailed understanding of
CO2 ice spectroscopy is a prerequisite to characterize CO2 interactions with other volatiles both in
interstellar ices and in laboratory experiments of interstellar ice analogs. We report laboratory spectra
of the CO2 longitudinal optical (LO) phonon mode in pure CO2 ice and in CO2 ice mixtures with
H2O, CO, O2 components. We show that the LO phonon mode position is sensitive to the mixing
ratio of various ice components of astronomical interest. In the era of JWST, this characteristic could
be used to constrain interstellar ice compositions and morphologies. More immediately, LO phonon
mode spectroscopy provides a sensitive probe of ice mixing in the laboratory and should thus enable
diffusion measurements with higher precision than has been previously possible.
Keywords: Astrochemistry — molecular processes — methods: laboratory: solid state
1. INTRODUCTION
In cold regions of the interstellar medium dust grains
are coated with ices – H2O, CO, CO2 and additional
minor ice constituents – through a combination of con-
densation and an active surface chemistry. These ices
account for up to 60 and 80% of the volatile oxygen
and carbon budget in star forming regions respectively
(O¨berg et al. 2011). Of the three major ice constituents,
this study focuses on CO2. CO2 is an important ice
component during all stages of star formation. CO2 ice
has been observed in dense clouds (Whittet et al. 1998;
Bergin et al. 2005; Knez et al. 2005; Whittet et al. 2009;
Noble et al. 2013), protostellar envelopes (D’Hendecourt
& Jourdain de Muizon 1989; Boogert et al. 2004; Pon-
toppidan et al. 2008; Shimonishi et al. 2010; Aikawa
et al. 2012) and in comets (Ootsubo et al. 2012), the
remnants of the Solar Nebula. In this range of environ-
ments, CO2 abundances with respect to water is sur-
prisingly constant at 20–30%.
Interstellar and cometary CO2 identifications as well
as column density determinations rely on infrared spec-
troscopy. CO2 ice has two IR active fundamental modes:
the 4.27 µm stretch (ν3) and the 15.2 µm bending (ν2)
modes, both of which have been identified in ices ob-
servationally. Furthermore, CO2 ice spectra have been
shown to depend sensitively on the local ice environ-
ment. The 15.2 µm band displays a characteristic Davy-
dov splitting in the pure crystalline phase. Amorphous
CO2 ice and CO2 in ice mixtures do not show this split-
ting, and the band is typically shifted with respect to
the pure ice band position. The frequency and shape of
the CO2 ν3 stretch also depend on the bulk ice structure.
Several studies have pointed out that the band displays
a low frequency shoulder at 2328 cm−1 (4.30 µm) in
pure amorphous CO2 and in some CO2 mixtures with
hydrogen-bonding molecules (Ehrenfreund et al. 1997;
Gerakines & Hudson 2015; Escribano et al. 2013). This
environmental sensitivity has been used to identify sev-
eral different CO2 ice phases in observational spectra: in
star forming regions, most CO2 is typically mixed with
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2water, but CO:CO2 and pure CO2 ice phases are also
common (Pontoppidan et al. 2008; White et al. 2009).
CO2 ice spectroscopy has also been used in the labo-
ratory to trace CO2 trapping, segregation and diffusion
processes (Ehrenfreund et al. 1998, 1999; Palumbo &
Baratta 2000; O¨berg et al. 2009).
In addition to the normal vibrational modes, CO2 op-
tical phonons, arising from long range collective vibra-
tions in the solid, can be excited by infrared radiation.
A phonon is a quantized vibrational motion in which
the lattice atoms or molecules vibrate at a single fre-
quency. Optical phonons occur when the molecules are
moving out of phase within the lattice. These phonons
can propagate through thin films of astronomical di-
mension but cannot travel through films of thickness
much greater than the wavelength of incoming radia-
tion. Thick films will instead exhibit Restrahalen bands
in which the change in the refractive index results in
a strong reflection. Solid CO2 exhibits both tranverse
optical (TO) and longitudinal optical (LO) phonons in
which the normal vibrations propagate through the ice
lattice perpendicular and parallel to the direction of the
IR field respectively. When a thin film is positioned at
an oblique angle to the incoming radiation, the electric
field has components both parallel and perpendicular to
the film normal and longitudinal optical phonons can
be excited by the parallel component of the field vector.
The angular dependent enhancement of the LO mode
is known as the Berreman effect after experiments con-
ducted by Berreman on the angular dependence of the
LO mode in ionic crystals (Berreman 1963).
The theory of optical phonon mode splitting has been
described previously for polycrystalline films (Ovchin-
nikov & Wight 1993). The magnitude of the splitting is
estimated by:
ν2LO − ν2TO =
4pi
εmV
(
∂µ
∂q
)2
(1)
where νLO and νTO are the frequencies of the LO and
TO phonon modes, ε is the dielectric constant of the ice,
m is the reduced mass associated with the coordinate q,
V is the unit cell volume and ∂µ/∂q is the transition
dipole moment matrix element.
In many cases the splitting can be accurately de-
scribed by the Lyddane-Sachs-Teller (LST) relationship:
νLO
νTO
=
√
ε0
ε∞
=
n0
n∞
(2)
where n0/ε0 and n∞ /ε∞ are the limiting low- and
high-frequency refractive indices/ dielectric constants of
the band. The high-frequency index is often approxi-
mated using the electronic dielectric constant, for ex-
ample Hudgins et al. (1993) use reported values of the
visible refractive index of the sample at the sodium D
line (λ = 589 nm). The values used by Hudgins et. al.
for CO2, O2, CO and H2O are n∞ = 1.22, 1.25, 1.30
and 1.32. The LST approximation was originally devel-
oped for cubic crystals but has been shown to apply to
a range of disordered materials (Whalley 1977; Whalley
& Klug 1979; Sievers & Page 1990).
LO phonon modes are often invisible in laboratory
ice spectra due to the common experimental setup in
which the infrared beam is normal to the film surface.
CO2 LO-phonon modes have, however, been reported in
Reflection-Absorption Infrared Spectroscopy (RAIRS)
studies of ices, when the substrate is naturally posi-
tioned at a grazing angle to the IR beam. Baratta &
Palumbo (1998) report RAIR spectra of CO2 ices at 12
K and show that new modes appear using p-polarized
light at 2377 and 676 cm−1.
Escribano et al. (2013) have also observed CO2 LO
phonons in both transmission IR and RAIRs experi-
ments. They show that the CO2 ν3 mode in p-polarized
RAIR specta shifts towards the LO frequency of pure
crystalline CO2 ice (2381 cm
−1) with increasing ice
thickness.
The CO2 ν3 LO phonon mode has also been observed
in ASW films exposed to CO2 at 90 K (Kumi et al. 2006)
and for H2O/CO2 nanoparticles at 80 K (Taraschewski
et al. 2005). CO2 deposited on amorphous solid water
(ASW) ice at 90 K exhibits an LO mode at 2379 cm−1,
close to that of pure CO2 ice. Composite H2O/CO2
nanoparticles show shape effects which manifest in the
IR at frequencies between νLO and νTO.
In this paper we present infrared transmission spectra
of the CO2 optical phonon modes in low temperature
ices. We demonstrate that the LO phonon mode shape
and peak frequency depends sensitively on ice mixing
components, such as H2O, CO and O2. We analyze
these dependencies and find a systematic frequency shift
with ice mixing ratio for all mixing-partners, regardless
of whether the ice mixture is deposited directly, or pro-
duced photolytically in situ. In section 4, we discuss
how these spectroscopic characteristic could be used to
characterize CO2 in astrophysical environments, as well
as in laboratory ice experiments aimed at constraining
ice diffusion.
2. METHODS
Laboratory ice studies were conducted in a high vac-
uum system (base pressure ∼2 x 10−8 Torr, dominated
by H2) modified from Yuan & Yates (2013). A closed cy-
cle helium cryostat (Air products Displex DE 202-0SP
expander and APD Cryogenics HC-4 compressor) was
added to cool the IR transparent substrate, a 0.3 cm2
KBr pellet pressed into a tungsten grid that is suspended
into the chamber by an OFHC copper coldfinger. The
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Figure 1. Infrared spectrum of pure CO2 ice deposited on
KBr at 28 K at 40◦ grazing angle to the IR beam. The two
strongest spectral features are shown, the CO2 asymmetric
stretch (ν3) at 4.27 µm and the CO2 bend (ν2) centered
around 15.2 µm.
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Figure 2. Angular dependence of the infrared spectrum of
pure CO2 ice deposited on KBr at 28 K. The IR spectra
are shown for angles between 5-45◦ from the IR beam inci-
dence. The LO phonon mode intensity decreases as the film
is rotated toward the normal incident angle.
substrate is cooled to 28 K and the temperature is mon-
itored using a k-type thermocouple welded to tantalum
foil and attached to the W-grid close to the KBr pellet.
Infrared spectra were collected using a Bruker Tensor 27
FTIR spectrometer and a liquid-N2 cooled MCT detec-
tor. In the fiducial experiment the substrate was kept
at ∼40◦ to the IR beam, but other angles were explored
as well.
H2O was prepared in a He-purged glove-box and
freeze-pump-thawed for several cycles. The purity of the
CO2, CO, O2 and H2O used to prepare the ice mixtures
was checked prior to the experiments using an RGA 200
quadrupole mass spectrometer (QMS). Ice mixing ratios
are calculated using infrared absorption spectra and lit-
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Figure 3. Infrared spectra of pure CO2 ice (black) and a
CO2:CO mixed ice (red). The inset shows the second deriva-
tive spectra that are used to determine the frequency of the
LO phonon mode. The redshift of the LO phonon mode
is calculated as the difference between the LO frequency in
pure CO2 and in the mixed ice.
erature band strengths (Gerakines et al. 1995; O¨berg
et al. 2007) when possible, i.e. for H2O, CO2 and CO.
Uncertainties on ice mixing fractions are calculated by
analysis of repeat absorbance spectra of the ice mixtures
and the pure ice, combined with a 15% uncertainty in
the bands strengths used to calculate the ice mixing frac-
tion. Molecular oxygen is not observed in the infrared
due to absence of a permanent dipole. Oxygen is mixed
with CO2 in the gasline and the measured O2 gas frac-
tion was used to approximate the ice mixture. The gas
fraction was measured by monitoring the O2 and CO2
partial pressures with the QMS at m/z = 32 and 44
respectively.
For photochemistry experiments, a microwave dis-
charge hydrogen flow lamp (Opthos Instruments) was
used. It has been described in detail previously (Rajap-
pan et al. 2010). The microwave power was kept at 60
W for the duration of the experiments. A mixture of
90% Ar, 10% H2 was used to produce UV light with a
sharp Lyman-alpha feature (Okabe 1964).
3. RESULTS
Figure 1 shows the infrared spectrum of pure CO2 ice
at 28 K, taken with the substrate at 40◦ to the incident
IR beam. The LO phonon mode appears at 2381 cm−1
(4.2 µm) and is shifted from the ν3 (TO) mode by 39
cm−1. The CO2 ν2 mode also exhibits an LO phonon
mode at 677 cm−1 (14.8 µm), split 17 cm−1 and 22
cm−1 from the CO2 doublet peaks at 660 and 655 cm−1
respectively. The LO phonon mode disappears as the ice
film is rotated such that its plane of incidence is parallel
to the IR beam (figure 2). The CO2 ices deposited at
28 K have crystalline spectral characteristics including
splitting of the ν2 mode and both the frequency and
bandwidth of ν3 mode, as well as an amorphous feature
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Figure 4. Left : Spectra of defect (top: CO, middle: O2, bottom: H2O) bearing CO2 ices deposited from gas mixtures at 28 K.
The dashed line shows the spectrum of pure CO2 ice. The CO2 LO phonon mode redshifts with increasing defect fraction in
the ice. Right : Shift of the LO phonon mode with respect to pure CO2 ice for various concentrations of the defects in CO2 ices.
Errors on the ice fraction are ±1σ on the mean calculated from repeated spectral measurements of the ice film in addition to
a 15% error on the band strengths used to calculate the ice column densities. Oxygen fractions and errors are based on QMS
measurements of the gas deposition mixture that have been adjusted for surface sticking. Errors on the LO shift are calculated
from the spectral resolution.
around 2328 cm−1 that dominates at low coverage. The
CO2 ices in each of the experiments are 70-90 nm thick,
calculated by integrating the ν1 + ν3 mode using the
band strengths of Gerakines et al. (1995) and a density
of 1.78 g/cm3 as reported for crystalline CO2.
Figure 3 shows the method for determining the ∆νLO
by analysis of spectra of the ice mixtures and pure CO2
ices. The νLO frequency is found by identifying the min-
imum in the second derivative spectrum. Second deriva-
tive spectra were taken in both the Opus software and
Thermo Scientific Grams/AI Spectroscopy software. A
smoothing function was applied in Opus software before
taking the second derivative. The frequencies of the νLO
modes from the smoothed spectra in Opus agreed within
1% with those determined using Grams without smooth-
ing. The uncertainty on ∆νLO is conservatively taken
as the spectral resolution (± 1 cm−1).
5Table 1. Measured CO2 LO frequencies for CO2 ice
mixtures
Ice Mixing Fraction νLO ∆νLO
(cm−1) (cm−1)
CO2:CO 0.10±0.02 2377.0 3.9
0.20±0.04 2373.3 7.6
0.36±0.08 2367.0 13.8
0.47±0.10 2363.7 17.1
0.53±0.10 2361.7 19.2
CO2:O2 0.16±0.04 2375.5 5.3
0.24±0.05 2373.4 7.5
0.35±0.03 2371.0 9.9
0.47±0.04 2369.4 11.5
0.55±0.03 2367.8 13.1
CO2:H2O 0.22±0.05 2373.8 7.0
0.35±0.08 2372.1 8.8
0.43±0.09 2371.0 9.8
0.66±0.10 2366.3 14.6
0.75±0.10 2364.6 16.3
The CO2 experimental spectra and ν3 LO mode red-
shifts versus defect ice fraction for CO, O2 and H2O ice
mixtures are displayed in Figure 4 and Table 1. Figure 4
shows the effect of introducing CO, O2 or H2O into the
CO2 ice lattice by mixing with CO2 prior to deposition.
Increasing the fraction of the defect species in the CO2
ice results in an increasing redshift of the LO phonon
mode from the pure ice position. The right panels of
figure 4 present the νLO redshift versus the fraction of
each species in the CO2 ice mixture. These plots display
a positive linear correlation between the defect concen-
tration and the LO redshift for each of the ice mixtures
considered. The slope of the νLO redshift versus the de-
fect fraction are 36 ± 7 cm−1 NCO/Ntotal, 19 ± 4 cm−1
NO2/Ntotal and 18 ± 4 cm−1 cm−1 NH2O/Ntotal for CO,
O2 and H2O ice mixtures respectively. The effect of the
ice defect on the position of the LO mode may be quan-
tified by comparing these slopes. For example, we would
expect the LO mode to shift by 1 cm−1 if the CO2 ice
contains ∼3% CO, ∼5% O2 or ∼6% H2O.
In addition to shifting the frequency of the LO mode,
the three mixing partners also affect the shape of the
LO mode spectral band, and these spectral changes are
species specific. In CO mixtures with CO2, a second
small peak appears in the spectra of mixtures with more
than 30% CO. This peak is also redshifted from the pure
LO phonon mode position but does not appear to shift
with CO concentration beyond 30%, possibly represent-
ing a stable mixing environment between CO and CO2
such as the formation of a complex.
A similar second peak is present in all of the mixed
O2:CO2 ice spectra. The spectra of H2O mixtures with
CO2 differ from those of the CO and O2 mixtures in
several ways. In particular, the spectra of CO2 in polar
H2O environments show broadening of the ν3 mode as
well as non-linear dependence of the ν3 frequency on the
fraction of H2O in the ice.
The CO2 bending mode for the ice mixtures are shown
in Figure 5. The LO phonon mode is split from the ν2b
mode at 660 cm−1 by 17 cm−1, while the ν2a peak at
655 cm−1 does not display appreciable LO/TO splitting.
The ν2 LO mode behaves similarly to the ν3 mode, with
linear shifts that are dependent on the fractional abun-
dance of the defect in the ice. The redshift is likewise the
largest for CO ice mixtures with respect to the ice frac-
tion. Both CO and O2 ice mixtures display decreased
Davydov splitting of the ν2 band with respect to the
pure CO2 ices. The ν2 bands in H2O mixtures are broad
and do not display Davydov splitting, due to the effect of
the hydrogen bonding network of the H2O lattice on the
CO2 crystal structure. The decrease of Davydov split-
ting in the ice mixtures supports the fact that the CO2
crystal structure is disrupted upon addition of the de-
fect molecules as pairwise binding interactions between
CO2 and the introduced molecule can result in only one
equivalent CO2 per unit cell. This is consistent with the
fact that the Davydov splitting continues to decrease in
the ice mixtures with increasing concentration of CO or
O2 as more interactions become available in each unit
cell.
We also conducted experiments to measure the intro-
duction of defects in situ by UV irradiation of pure CO2
ices, which is known to produce CO. Figure 6 shows
spectra of pure CO2 ice irradiated with UV photons from
a hydrogen discharge lamp for a period of 140 minutes.
The CO2 LO phonon mode clearly redshifts with expo-
sure time. The redshift is linear with CO photoproduct
growth, similar to when a defect is introduced through
pre-mixing. There are two differences in the LO phonon
mode shifts in these experiments compared to the pre-
mixed experiments, however. First, the LO phonon
mode depends more steeply on CO concentration in the
ice with a linear fit of 54± 6 cm−1 NCO/Ntotal compared
to the pre-mixed case which gives a fit of 36 ± 7 cm−1
NCO/Ntotal. Second, the photolyzed phonon mode is
split into the redshifted (CO:CO2 mixture) component
and a second component that remains at the pure CO2
LO phonon frequency. This suggests that some pure
CO2 is present throughout the photolysis experiment.
To test whether this may be due to limited Ly-α pen-
etration depth through the ice, we also photolysed a
∼10 nm think CO2 ice while monitoring the LO phonon
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Figure 5. CO2 bending modes for CO:CO2 mixtures, O2:CO2 mixtures and H2O:CO2 mixtures . The colors correspond the
mixing ratios shown in Figure 4
mode; the penetration depth of 10.2 eV photons through
CO2 ice has been previously measured in our laboratory
as 50 nm (Yuan & Yates 2013). Figure 7 shows that pho-
tolysis of the thin ice also results in a split LO phonon
mode, with one peak that can be ascribed to pure CO2
and another to a CO:CO2 ice mixture, demonstrating
that the second peak cannot be due to a limited photon
penetration depth. Furthermore, the absorbance at the
pure CO2 phonon mode frequency (2381 cm
−1) plateaus
after ∼20 minutes of irradiation, while the production of
CO and destruction of CO2 remains linear through the
irradiation period. The plateau at the pure CO2 LO fre-
quency thus indicates that an environment exists in the
ice in which the CO2 is not mixed with the photoprod-
ucts and this hypothesis is further discussed in section
4.1.
4. DISCUSSION
4.1. Effects of CO, O2 and H2O on the CO2 LO
phonon mode
The LO-TO splitting depends on long range dipole in-
teractions between CO2 molecules and therefore is per-
turbed by the addition of other species into the ice lat-
tice. The magnitude of the LO-TO splitting depends
on the ice physical structure and bonding, the optical
properties of the ice and the transition dipole moment
of the CO2 normal modes. Thus, the LO redshift upon
addition of CO, H2O and O2 into the CO2 ice lattice is a
combination of how each of these species changes struc-
ture, binding energies, dielectric constant and transition
moments of the CO2 molecules within the lattice.
According to equation 1, the transition dipole mo-
ment governs the LO-TO splitting in polycrystalline
films. The CO2 asymmetric stretch has a large tran-
sition dipole matrix element, consistent with the large
LO-TO splitting in pure CO2 ice. One might expect
that differences in the redshifts of the CO2 LO fre-
quency correspond to differences in the effects of the
transition dipole elements of CO, H2O and O2 on that
of the CO2 LO mode. CO, while exhibiting only a small
dipole moment, has a very large transition dipole mo-
ment that could perturb the effective CO2 transition
element. While H2O has a large transition dipole, O2
has µ=0 for all internuclear separations and therefore
its transition dipole moment is zero everywhere. If the
changes in the CO2 transition dipole moment were the
only explanation for the LO redshift we would expect
that O2 would not shift the LO frequency and that CO
and H2O would have similar LO redshifts, which is not
the case in our measurements. We therefore consider
other effects on the LO-TO splitting.
The addition of CO, O2 and H2O affects the CO2 ice
physical structure. Changes in the crystal structure can
shift the LO mode to lower frequencies as shown for
different CO2 ice nanostructures (Taraschewski et al.
2005). Our data suggest that CO has the greatest ef-
fect on the longitudinal phonon frequency in CO2 ice.
Despite the substantially lower binding energy to CO2
compared to H2O, CO may produce the observed large
shift because it is able fit well into the CO2 ice lattice so
that each CO2 molecules in the lattice has dipole inter-
actions with more CO molecules than in the case of H2O;
however, detailed structural simulations are required to
constrain the exact mechanism.
Splitting of the LO phonon into more than one band
indicates that the mixing is not homogeneous and dis-
tinct CO2 bulk environments are present in the ice. This
may be caused by CO2 segregation away from the defect
ice component. Figure 4 shows splitting of the LO mode
in the CO2:O2 ice mixtures and in the CO2:CO mixtures
with high CO abundance. In the H2O mixtures, the LO
mode at the pure CO2 frequency is absent, this suggests
that the CO2 is mixed in the H2O ice lattice such that
pockets of pure CO2 do not occur. This is expected as
CO2 diffusion through H2O is slow at 28 K (O¨berg et al.
2009) while diffusion and segregation of CO and O2 may
be possible, though further experiments are needed to
support this hypothesis.
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Figure 7. Photolysis of a pure CO2 ice ∼10 nm thick using 10.2 eV photons. The thin CO2 ice spectra show redshifts in the
LO phonon mode similar to that seen for the thicker ice. The RHS shows the absorbance at 2381 cm−1 over the irradiation
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We see the clearest splitting of the LO mode in the
photolysis of CO2 ice, where one component stays at the
pure CO2 LO position. As demonstrated by the thin ice
photolysis experiment, this is not due to shielding of the
UV radiation for the deepest ice layers. Instead, pock-
ets of pure CO2 must either be maintained or produced
during the photolysis. Only ∼20% of the CO2 ice is lost
during the photolysis period. It is possible that some of
the leftover CO2 is not mixed with the photoproducts
and maintained as pure CO2 ice. Pure CO2 could also be
produced during the photolysis by several mechanisms.
Excited CO2 that is not photolysed carries excess energy
that may allow it to segregate away from the photoprod-
ucts to form pure CO2 pockets. CO2 is also reformed
during the photolysis by CO + O recombination and
CO3 dissociation. Another possible explanation is the
desorption of photoproducts that are formed in the sur-
face layers, leaving behind pure CO2. This hypothesis
could be investigated further by studying the molecules
desorbing from the ice during the photolysis, by using
isotopically labeled layers or by capping the CO2 ice
with an inert gas matrix.
4.2. Potential Laboratory Applications of Phonon
Mode Spectroscopy
The sensitivity of the CO2 LO phonon mode to ice
mixing may be utilized in laboratory studies to provide
information on bulk diffusion, physical mixing proper-
ties and ice phase properties such as crystallization. We
have shown that the LO mode is particularly sensitive
to the addition of ice defect molecules added either by
deposition of gas mixtures or in situ by photolysis of
the ice. Mixing may also occur through diffusion of
molecules in the ice. Diffusion is proposed to under-
pin much of the chemistry in interstellar ices, but diffu-
sion barriers and mechanisms are highly uncertain (Gar-
8rod et al. 2008; Lauck et al. 2015). Bulk diffusion may
also regulate the morphology of interstellar ices. Diffu-
sion of CO out of CO2 ice may cause CO distillation
from CO-rich ices protostellar regions, thus explaining
the presence of pure CO2 in some such lines of sight
(Pontoppidan et al. 2008; Escribano et al. 2013).
We have conducted preliminary experiments to check
whether the CO2 LO mode could trace diffusion and
desorption processes. The CO2 ice mixtures were slowly
heated passed the desorption temperature of CO or O2
and the changes in LO mode were monitored. As the
defect molecule desorbs, the LO phonon mode moves
back toward the pure CO2 frequency. The process is
not completely reversible as some defect molecules re-
main trapped and desorb with the CO2 ice around 75
K. This suggests that phonon mode spectroscopy could
be used to characterize diffusion in CO2 ices. Further-
more, phonon modes are not unique to CO2 ice, and
optical phonons in other ices may be used to measure
diffusion coefficients for a range of astronomically rele-
vant species.
Phonon mode monitoring may also be used to charac-
terize ice crystallization. The Lyddane-Sachs-Teller re-
lationship (equation 2) shows that the LO phonon mode
should shift abruptly upon a phase change in the ice
due to a rapid change in the static dielectric constant.
Optical phonons in ices may therefore provide a useful
measure of crystallization kinetics. The observed LO-
TO splitting for ice deposited at different temperatures
may be used to accurately deduce phase change temper-
atures and the corresponding index of refraction for ices
around the phase change boundary.
4.3. Astrophysical Implications
Longitudinal optical phonon modes may contribute
to interstellar ice spectra for several important ice con-
stituents if light from the background source is suffi-
ciently polarized. In laboratory reflection absorption
spectra p-polarized light, parallel to the surface nor-
mal, can interact with longitudinal phonons in the ice.
In astronomical environments longitudinal phonons can
be excited by p-polarized light or by the component of
the unpolarized light wave that is parallel to the sur-
face normal. Because the interstellar ices are not con-
fined to slabs, as in the case of laboratory experiments,
the fraction of p-polarization and s-polarization is gener-
ally equal for randomly orientated dust particles. Unpo-
larized light will predominantly produce the TO mode,
though it can also excite LO phonons when the incom-
ing IR wave is at oblique angles to the ice surface as seen
in our laboratory spectra (Figure 2). The best sources
for observing longitudinal phonons in ices are therefore
those with the highest linear polarization fraction. Lin-
ear polarization arises from absorption and scattering
from irregular dust grains which will absorb light from
the background star preferentially along one axis. Dust
grains can align with a local magnetic field and produce
elliptically polarized light with linear and circular com-
ponents (Lazarian 2007). The degree of linear polariza-
tion in star forming regions is often very large ranging
from 20-70% and can extend over regions as large as 1
pc (Kwon et al. 2013, 2014). A good source to charac-
terize interstellar CO2 LO phonon modes would be, for
example IRAS 05329-0505, for which Kwon et al. (2014)
measure the linear polarization fraction as 70% in the
Ks band.
Optical phonon modes have been previously identified
in laboratory spectra of H2O and CO (Whalley 1977;
Whalley & Klug 1979; Baratta & Palumbo 1998). Water
ice phonons are considered carriers of far infrared bands
at 62 µm (longitudinal acoustic) and 44 µm (transverse
optical) bands (Omont et al. 1990; Dartois et al. 1998),
which can be observed with far-IR telescopes such as
SOFIA. These bands are sensitive to the ice structure
with the 62 µm appearing at the crystallization phase
transition (Moore & Husdon 1992). Spectra of CO bear-
ing ices in 39 YSOs observed using the VLT have been fit
using the optical phonon modes of α-CO (Pontoppidan
et al. 2003). Here, the LO mode was able to accurately
reproduce the blue wing of the CO band for all of the
observed sources. LO phonon modes thus needs to be
taken into account when identifying the carriers of ob-
served ice spectral features.
In the case of CO2, identifying and characterizing the
LO phonon mode in observed spectra could also provide
important information about the ice composition, mor-
phology and thermal history. Because the LO phonon
mode is sensitive to defects in the CO2 ice lattice, its fre-
quency can be used to provide information about abun-
dance of other species mixed with solid CO2. In pris-
tine CO2 ice the LO mode will appear at 4.2 µm, if
light from the background source is sufficiently polar-
ized. For CO2 ice in apolar and polar phases the LO
phonon mode would be present at a redshifted frequency
that is dependent on the fractional abundance of other
ice components. A lack of LO-TO splitting in all ice
species provides constraints on the source (polarization
and dust properties), while a lack of LO-TO splitting in
CO2 when present in CO would constrain the CO2 ice
to be dilute, in which case the LO mode is convoluted
with the TO mode.
To fit observational spectra, the CO2 LO phonon spec-
tra reported here need to be adjusted to account for
grain size and shape effects. The standard method for
treating grain shape and size variations has been to use a
continuous distribution of ellipsoids (CDE) (e.g. Bohren
& Huffman (1983)). Ehrenfreund et al. (1997) have
shown that the size and shape of grains affect the CO2
9absorption profile causing typical shifts and broadenings
of 5 cm−1 that can dominate over variations due to ice
matrix effects. An in depth analysis of grain geometric
effects on the CO2 LO phonon mode will be needed to
before it can be used to constrain ice mixing in observa-
tional spectra. Analysis of LO-TO splitting should be
especially fruitful on future ice spectra acquired with the
JWST, since the analysis requires both high sensitivity
and spectral resolution.
5. CONCLUSIONS
We have shown that longitudinal optical phonons in
CO2 ices are particularly sensitive to the presence of
other ice species in the lattice. The frequency of the
CO2 LO mode redshifts linearly as the concentration
of the ice mixing molecule is increased. Similarly,
photolysis of CO2 ices results in a linear redshift of
the LO phonon mode with formation of the major
photoproduct, CO. These spectral signatures will be
useful for constraining ice mixing both in laboratory
experiments and in observations of astronomical ices.
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